Davis, California 95616 has been so attractive and so controversial at the same time. I will end with a discussion of specific experiments that are needed to rigorously test the theory and briefly In recent years, the binding problem has gained widesummarize where it stands at present. spread attention among theorists and experimentalists alike. This surge of interest has been driven by the realBinding Is a Diverse Set of Functions ization that there are few, if any, places in the nervous Binding isn't a problem for nervous systems, as evolusystem where all the information necessary to carry out tion has sculpted their organization to solve the problem a particular task is localized. The inescapable concluefficiently and effectively. It is only a problem for those sion is that sensory, cognitive, and motor processes of us trying to understand how the nervous system result from parallel interactions among large populations achieves the task. Part of our difficulty stems from the of neurons distributed among multiple cortical and subfact that binding is a broadly defined term. It is a function cortical structures. Binding, in a general sense, is the that occurs over multiple spatial and temporal scales of process responsible for functionally linking this distriborganization in the nervous system. It can be rapid and uted activity. In the visual system, this problem correpreattentive or may require focused attention. It can sponds to identifying the relationships among features occur within a single sensory modality or may require in an image so that objects can be recognized. Much cross-modal or sensory-motor integration. Consequently, of this process relies on focused attention. It has also confusion and disagreement can easily arise among been recognized, however, that an early preattentive competing theories of the binding process and experimechanism operates rapidly, and in parallel, to segment mental tests of those theories. visual scenes into their candidate objects. This mechaTo illustrate the richness of the binding process, connism, often referred to as perceptual grouping, enables sider a simple everyday example of a sensory-motor features to be grouped together according to Gestalt, task. You want to find a certain object that's located on and other, criteria. These processes are also faced with one of several adjacent shelves, but you're not sure a binding problem. Some form of representation must which shelf, and there are many other objects on the be available to establish relationships among features shelves besides the one you're searching for. To find it, and separate one set of grouped features from another. you have to visually scan the scene until you recognize Milner (1974) and von der Malsburg (1981, 1985) prothe object. At each location of gaze, your visual system posed that these problems could be overcome if conmust parse the scene into its component objects. This stellations of grouped features were represented dyinvolves identifying which features in the scene belong namically by the formation of cell assemblies, defined to which objects. Once this is accomplished, or perhaps by the selective synchronization of distributed neuronal at the same time, the identity of a particular object can activities. Such a mechanism, they argued, would permit be evaluated. If it doesn't match what you're searching the segregation of one representation from another and for, you must direct your gaze to a new location and provide highly salient neuronal signals to an objectrepeat the process. This redirection of gaze may itself based attentional selection mechanism. be guided by the prior parsing of the scene. Once you've In the ensuing years, evidence has accumulated to identified the correct object, you can reach out, grasp support this hypothesis, but critics have argued that it it, and carry on with the task at hand. is insufficient to warrant the theory's acceptance. They It is not entirely clear which components of this task have also argued that the theory is flawed on physiologiwe should refer to as binding and hence which neuronal cal grounds, that cortical networks do not possess the mechanisms solve the "binding problem." Perhaps the requisite mechanisms to generate and make use of semost common view is that binding is the process of lective patterns of neuronal synchronization. In this recombining stimulus features to form an object represenview, I will argue to the contrary that the theory, particutation. This is intuitively appealing, because it is well larly as it applies to preattentive vision, is well grounded established that the locations and properties of local in the psychophysical and neurophysiological domains. stimulus features are represented within multiple retino-I will focus on the problem of visual perceptual grouping topic cortical maps. The features comprising objects and define the process within the context of a set of must somehow be "bound" together by combining the principles articulated by Gestalt psychology. I will lay appropriate activities within the relevant cortical maps. out the framework of the theory for how perceptual However, a number of other processes in the task degrouping is implemented in the visual system. And I scribed above can be thought of equally well as binding. will present arguments, couched in neurophysiological Associating the location of an object in space with its identity is one example. Abundant evidence indicates that separate cortical areas participate in the recognition
. As the relationships among the features change, the grouping process must adapt to cope with I will argue, as have many others, that these primitive, preattentive objects result from the grouping of features the large number of possible combinations. Thus, the activity signaling the vertical contour must be recomaccording to Gestalt principles. For simplicity, I will limit my arguments to those feature elements that contribute bined in a flexible manner so that a large number of other feature relationships can be perceptually grouped. to form and shape perception. I will further argue that the representation of grouped features must rely in some Given that visual scenes exist in near infinite variety and constantly appear in novel configurations, the percepway on the formation of neuronal assemblies (Hebb, 1949; Braitenburg, 1978; Edelman, 1978; Palm, 1981, tual grouping process appears, for all practical purposes, to have an infinite capacity. 1990; von der Malsburg, 1986; Gerstein et al., 1989). These dynamic structures provide the most parsimoniAnother readily apparent feature of perceptual grouping is its parallel organization. Features comprising figous mechanism to account for the rapid, parallel, and combinatorial nature of perceptual grouping. They also ures, such as those shown in Figures 2 and 3, rarely exist in isolation. Rather, visual scenes are usually comprovide a neurophysiologically plausible mechanism for greatly increasing the salience of neuronal activity for posed of complex collections of objects that often overlap or occlude one another. This implies that the groupsubsequent processing stages involving selective attention (Reynolds and Desimone, 1999 [this issue of Neuing of features must take place simultaneously at multiple, and sometimes overlapping, locations of the ron]). To fully explore these arguments, it is necessary to first describe the properties of perceptual grouping visual field. When this requirement is combined with the need for flexibility and combinatorial capacity, it is easy so that the neurophysiological constraints on the task are fully appreciated.
to appreciate the inherent complexity of the neuronal processes that must be involved. Multiple sets of features must be grouped simultaneously and perceptually
Properties of Perceptual Grouping
Although perceptual grouping appears to occur effortsegmented from one another. However, as the visual scene changes, features that are grouped together in lessly, several aspects of the process illustrate why it is so difficult to understand mechanistically, and why one image may be segregated from one another in a different image. This may occur even if the properties "binding" has become such a "problem." First and foremost, perceptual grouping is a flexible process. A given of the local features themselves do not change. This notion is illustrated in its organization, but they also suggest that competition grouped simultaneously. (1981, 1985) , is often referred to as the "superposithe other neuronal activity present simultaneously in the cortical network. tion problem."
The essence of this problem is one of identification The common insight put forth to solve this problem was to define cell assemblies on the basis of the tempoand interference. and others (e.g., Braitenberg, 1978), because they demBoth authors proposed that this process should have onstrated that synchronous firing was a transient, stimhierarchical depth in the sense that neuronal assemblies ulus-dependent process. This interpretation stood in would be defined not only within a given cortical area marked contrast to the more static notion that correlated but also across levels in the cortical hierarchy, mediated firing was primarily the result of direct synaptic connecthrough both feedforward and feedback pathways. Astivity among cells. A further boost to the correlation sembly formation would allow for local relationships to theory came from the observation that synchronous firbe defined early in the visual pathway, where retinotopic ing depended not only on the presence of a stimulus specificity is high, and for more global relationships to but also on its global properties, such as common mobe established at higher hierarchical levels that could tion ( vide an adequate theoretical framework for evaluating A surge of interest in the correlation hypothesis took neuronal population dynamics. As a result, the dynamic place when a series of experiments demonstrated that behavior of neuronal populations had to be inferred from both short-and long-range synchronous firing in visual the mean firing rates and receptive field properties of cortex were stimulus dependent (Gray Continuity and Segmentation. Aside from the issues detectable differences in firing rates across the stimulus conditions they employed. This result provides the interof proximity and similarity, the correlation model also makes strong predictions regarding figural continuity, esting, if somewhat complex, demonstration that the magnitude of synchronous firing, and not mean neuronal closure, and segmentation. Each of these properties While the results of this study provide support for the studies on the properties of stimulus-evoked ␥ band activity. Implicit in these studies was the notion that correlation hypothesis, several points deserve further discussion. First, the measured relations between permuch could be learned about synchronization by elucidating the properties of oscillatory activity and its stimuception and synchronization were indirect. OKN was not assessed during the periods of data collection, and thus lus dependence. Several published studies favored rejection of the hypothesis on the basis that oscillatory the animal's perception of the stimuli could only be inferred from the previous behavioral tests. Similarly, while activity was either not evident or did not exhibit the requisite stimulus dependence. Tovee and Rolls (1992a) the eye that supports perception during rivalry determines the direction of OKN, this assay of behavior is reported that neuronal activity in the inferotemporal (IT) cortex of alert monkeys showed no signs of ␥ band limited in that it does not allow for a direct measure of perceptual discrimination. Finally, the experiments oscillations when the cells were activated by stationary stimuli. Because IT cortex is considered to play a promiprovide support for the hypothesis under conditions in which the normal physiology and anatomy of the cortex nent role in object recognition, and thus feature integration, they argued that the absence of ␥ band activity are perturbed (Lö wel and Singer, 1992). It would be useful to determine if similar effects occur in animals favored the rejection of a synchronization-based mechanism for feature integration (Tovee and Rolls, 1992b; with normal binocular vision.
Contradictory Evidence see also Engel et al., 1992a). A similar argument was put forth by Young et al. (1992) (see also discussion in Experimental evidence favoring a rejection of the correlation hypothesis has come from a variety of sources,
Shastri and Ajjanagadde, 1993) on the basis of measurements in striate cortex and area MT of anesthetized but it has been more limited in scope than the supporting evidence. Critics of the hypothesis have largely based monkeys and area IT of alert monkeys. They found little or no evidence for ␥ band activity in any of the three their arguments not on the validity of the contradictory evidence, but rather on criticisms of the supporting eviareas, even though they made explicit efforts to replicate the methods of previously published observations (Endence and on arguments of the implausibility of the model. Here, I will focus on three sources of experimengel et al., 1990). They argued that ␥ band activity and, by extension, synchronous activity were phenomena tal evidence that contradict the claims of the correlation model. I will discuss the criticisms of the supporting limited to the cat and should therefore not be candidates for a general mechanism contributing to mammalian evidence and issues of implausibility later.
Incidence and Properties of Neuronal Oscillations. visual processing. This argument may have held weight, given the demonstration that long-range, stimulusWhen the experimental evidence supporting the correlation hypothesis was first reported, considerable emphadependent synchronization in striate cortex of the cat is closely linked to rhythmic firing in the ␥ frequency sis was placed on the finding that synchronous firing in striate cortex often occurred during prominent oscillaband (Kö nig et In spite of these later observations, there continues spurious correlations of spontaneous oscillatory activity in the LGN (Ghose and Freeman, 1992, 1997). Thus, to be substantial debate about the prevalence and magnitude of ␥ band oscillatory activity and neuronal synnot only was cortical oscillatory activity thought to be independent of visual stimulation, it might also be generchronization in the primate visual cortex (for examples, see Kreiter and Singer, 1992, 1996; Bair et al., 1994). ated primarily by inputs from the LGN. Several lines of evidence, however, argue for an alterMuch of this debate is based on anecdotal reports at conferences or on unpublished observations alluded to native interpretation of these findings. Gray and Viana Di Prisco (1997) recorded neuronal activity in striate in the literature. It seems reasonable to suppose that these divergent viewpoints may be compatible, if one cortex of alert cats and found that oscillatory firing was stimulus dependent and rarely present in the absence considers the possibility that sampling biases and methodological differences contribute to the variations in of visual stimulation. They applied the analysis methods used by Ghose and Freeman (1992) and found that these results. Effects of this type may be particularly acute in the striate cortex, which contains many different cell techniques led to an artifactually high incidence of oscillatory activity. In another set of experiments, Gray and types and a complex laminar and tangential organization. Similarly, differences in visual stimulation or analyMcCormick (1996) identified a population of neurons in cat striate cortex that exhibit oscillatory firing patterns sis methods may lead to selective enhancement or suppression of rhythmic and/or synchronous activity (Gray generated by intrinsic cellular mechanisms (Figure 6 ). This finding argues for an intracortical contribution to and Viana Di Prisco, 1997). Each of these factors must be taken into account before firm conclusions can be the generation of ␥ band activity. , 1996) , the perceptual grouping of features in an imthat rely on the measurement of neuronal activity at more than one site simultaneously. In this way, direct age should be directly correlated with the probability and strength of synchronous firing of the neurons measurements of synchronization can be made without having to speculate about the properties of synchrony responding to those features. The activity of cells responding to other features should be temporally indefrom single-unit recordings (Engel et al., 1992a) .
Synchronization in a Motion Discrimination Task. Anpendent of the synchronously firing ensemble. For these predictions to be tested rigorously, it is necessary that other source of evidence arguing against the correlation hypothesis has come from a recent study of correlated the correlation measurements be made in an alert animal while it is performing a perceptual grouping task. activity in extrastriate cortex (de Oliveira et al., 1997). These authors measured the activity of small groups of Lamme and Spekreijse (1999) recorded multiunit activity from chronically implanted electrodes while the neurons, located within 900 m of one another, in MT and the medial superior temporal area (MST) of monanimals performed a simple texture segregation task. The stimuli consisted of texture patterns composed of keys, while the animals performed a simple direction discrimination task. The animals had to identify the didense, uniformly oriented line elements or moving random dot patterns. The figures, defined by a difference rection of motion of a grating stimulus presented at various levels of contrast. Neuronal activity was rein orientation or motion direction with respect to the background, were highly salient. Once the receptive corded before and during the presentation of the stimuli, and cross-correlograms were calculated between all field positions were mapped for a given pair of recordings, the stimuli were constructed to enable the combinations of recorded cells. Interestingly, a high incidence of synchronous firing was found prior to the pretesting of three predictions. On one set of trials, the figure was positioned over both receptive fields of a sentation of the stimulus. When the stimulus appeared, the firing rates of the cells increased, but the synchronipair. In this condition, the cells should synchronize their activity. On a second set of trials, the figure was posization of the activity was reduced in a contrast-dependent manner. High-contrast stimuli that were easily tioned to cover one receptive field, while the other receptive field was covered by the background. In this discriminated resulted in a complete suppression of correlated firing. It was concluded that synchronous condition, no synchronization should be observed. And on a third set of trials, the figure was positioned so that activity does not convey information about stimulus direction and therefore does not contribute to the direction both fields were covered by parts of the background. The prediction of the correlation hypothesis is less clear discrimination task.
These conclusions appear sound and the evidence in this case, but given that the background pattern was highly coherent, one might expect to see correlated acconvincing, but there are also striking differences with earlier studies that need to be resolved. In contrast to tivity.
The results of these experiments were fairly clear. the results of de Oliveira et al. (1997), Kreiter and Singer (1992, 1996) demonstrated that synchronous activity in
There was no significant difference in the magnitude of synchronization across the three stimulus conditions area MT is visually driven and depends on the properties of the stimuli. They used drifting bars rather than gratwhen the population of measurements was compared, leading the authors to conclude that response synchroings, but their animals were not engaged in a discrimination task and were only required to maintain visual fixanization does not correlate with texture segregation. This seems like a reasonable interpretation of the data tion. This suggests that the attentive state of the animals in the study of de Oliveira et al. (1997) provides the most and may be correct. However, a closer look at the details of the experimental design and the data analysis reveals likely explanation for the different results. It is striking that attentive expectation might produce such a clear another story. There are three key points that need to be made. First, the local properties of the stimuli activatdifference, particularly given the large body of evidence demonstrating the stimulus dependence of synchroing the cells were changed substantially across stimulus conditions. When the figure was presented over both nous activity in other visual cortical areas (Singer and Gray, 1995; Usrey and Reid, 1999). However, neuronal receptive fields, each cell was stimulated by the same orientation or motion direction. But when the figure was synchronization has been shown to correlate with attentive behavior in other sensory and motor systems shifted in position, so that it covered one field and the background covered the other field, the local orientation insky et al., 1990). The focus on oscillations naturally They provide limited negative evidence for a phenomeled to an emphasis on phase and frequency as coding non that is intrinsically difficult to observe. Second, the parameters, which had its own set of implications. Now study reveals certain aspects of an experimental design the interactions between neuronal populations could that are necessary for a rigorous test of the hypothesis.
potentially be reduced to a couple of parameters, makThe local properties of the stimulus should remain relaing it mathematically attractive. This in turn raised questively constant, in order to maintain comparable firing tions as to how many assemblies could coexist in the rates, while changes in the relations among features same network given the limited number of frequencies should yield distinct perceptual differences. When posand phases (Lisman and Idiart, 1995); it even began sible, recordings should be made of single-unit activity to appear as though some might take the analogy to to facilitate the interpretation of the data. And approthe FM radio seriously (Hoppensteadt and Izhikevich, priate analytical tools should be applied to rule out spuri-1998). Third, two influential studies were published that ous sources of correlation when the neuronal responses claimed a role for synchronous oscillations in visual atthemselves are nonstationary. Another source of controversy surrounding the correlaassemblies (Hebb, 1949; Braitenberg, 1978) , the model tion hypothesis stemmed from the reported difficulties postulated a mechanism to solve several inherently diffiin replicating some of the original experimental findings. cult problems originating from perceptual psychology As mentioned earlier, these reports either failed to find (Neisser, 1967) and theories of representation in artificial evidence of oscillatory activity in the primate visual sysnetworks (Minsky, 1961; Arbib, 1964 
Paradigmatic Differences
Another question to address is what type of stimulus On a final note, it should be pointed out that some and task should be employed. Here, the answer is fairly hypotheses-and the correlation hypothesis is no exclear. The stimuli should be composed of a collection ception-meet resistance because they represent a sigof features that pop out preattentively from a backnificant deviation from a widely accepted theoretical ground on the basis of their Gestalt properties. Ideally, framework. As mentioned earlier, much of cortical physithese features would contain multiple cues for grouping ology has been dominated by the view that cortical funcsuch as continuity, closure, and common motion. This tion can be elucidated by measuring the mean firing would make them highly salient and easily detectable rates of neurons one cell at a time. Temporal fluctuations as a figure. The stimuli should be constructed so that the of activity are often considered to be noise obscuring local features activating the cells can be held relatively a signal. This view provides a simple and tractable constant, while the relations between the features can framework in which the problems of neural coding can be modified to change the global properties of the imbe reduced to the counting of spikes. This is very attracage. This would be essential, so that the salience of a tive, given the difficulties associated with measuring the figure with respect to the background could be varied activity of even small groups of neurons. If, on the other along a continuum, thereby varying the difficulty of the hand, perceptual phenomena result from the dynamic and nonstationary interactions of large populations of task. The task itself must require the active participation of the animal, so that one could be relatively certain that spatial scale of the interactions, and this will vary dethe animal sees and responds to the figure. This could pending on which cortical area is being investigated. be attained by simply having the animal detect the presThird, what properties of the stimulus define it as being ence of a figure by looking at it, or by performing a perceptually segmented? This may be a particularly imdiscrimination task. Having control over the salience of portant point. The visual system is likely to signal figurethe figure would then enable the experimenter to evaluground relationships by using the most efficient mechaate the relation between neuronal activity (i.e., temporal nism available to it. This means that firing rates across correlations of activity) and behavioral performance. Fia population of cells may suffice in many instances (e.g., nally, the measurements of neuronal activity must be a simple high-contrast object against a uniform backmade at the same time that the animal is performing ground). Given this consideration, it is possible that sethe task. This is the only way to establish a convincing lective synchronization may come into play in those correlation between neuronal activity and behavior.
situations where ambiguities in the stimulus must be If such an experiment were conducted, what type of resolved (Leonards et al., 1996; Singer, 1999b). Thus, it evidence would constitute convincing support for the will be important to use stimuli composed of similar correlation hypothesis? Here, the answer is straightforfeature elements in which the figure to be detected is ward in some sense, but it may be important to establish defined by one or more of the Gestalt properties relating criteria that are not too rigid in order to accommodate those elements to one another. Pushed to speculate on unexpected observations. The simplest prediction would this point, I would argue that continuity, closure, and be as follows: two neurons should exhibit synchronous common motion are likely to be the most important. firing when they are activated by different parts of a Supposing that all of the above criteria were met and perceptually segmented figure. When the position of the a result consistent with the predictions was obtained, figure is changed, so that one of the neurons is activated what other criteria would have to be met for the evidence by an element of the background and the other by an for the correlation hypothesis to be considered convincelement of the figure, their activity should be temporally ing? The answer here is that it should be a robust pheindependent. In the former case, the strength and/or nomenon that is present in a significant fraction of the probability of synchronous firing should covary with the cell population. The difficult question is how robust, and salience of the figure ing, because it could be argued that the relevant cell Second, what constitutes different parts of the same populations were not sampled during the experiment. figure? Here, the prediction will vary with the cortical In the end, if the hypothesis is incorrect, it will require area being investigated. For striate cortex, particularly negative evidence from a variety of experiments to kill that of the primate, the spatial scale is likely to be critical.
it. On the other hand, if it is correct, a few key positive It does not seem reasonable to postulate correlated results, replicated for rigor, might be sufficient for even firing between cells that are separated by great disthe critics to accept it. tances and hence are responding to features that are widely separated in the visual field. The most appropriate Conclusions scale to search for neuronal interactions in primate striate Having reviewed some of the available evidence for, as cortex is likely to fall within 5 mm of separation and thus well as against, the temporal correlation hypothesis, it a few degrees of visual angle. The figures will have to be constructed to be consistent with the predicted is appropriate to ask what conclusions can be drawn
